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(54) Diode laser pumped solid-state laser amplifier and diode laser pumped solid-state laser 



(57) A solid-state laser amplifier includes a solid- 
state laser rod (1) having an optical axis (8) along which 
a laser beam propagates. A plurality of pumping 
sources (3a, 3b, 3c, 3d) have optical axes (401a, 401 b r 
401c, 401d) that lie in a plane orthogonal to the centre 
axis (8) of the solid-state laser rod (1) and deviate by a 
given distance from the centre axis (8). When pumping 
light is projected onto the axial core of the solid-state 
laser rod (1), the plurality of pumping sources 3a, 3b, 3c, 
and 3d are located at equiangular intervals about the 
axis (8) of the laser rod (1). 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a diode laser 
pumped solid-state laser amplifier that uses a diode 
laser as an pumping source, and to a diode laser 
pumped solid-state laser. 

■* 

2. Description of the Related Art 

Fig. 17 is a diagram showing the structure of a 
pumping module employed in a conventional diode 
laser pumped solid-state laser amplifier that is 
described in a literature, for example, "Solid-state Laser 
Engineering" (Springer-Verlag, R348). In the drawing, 
two diode laser arrays 3 are fixed to one flank of a heat 
sink 5 shaped like a triangular prism with light-emitting 
portions 4 thereof directed in the left-hand direction in 
Fig. 17. A cylindrical lens 34 for converging pumping 
light rays emanating from the diode laser arrays 3 is 
fixed to the tips of the light-emitting portions 4. An elec- 
tric cooler 301 for adjusting the temperature of the heat 
sink 5 is fixed to the bottom on the opposite side of the 
heat sink 5. A heat exchanger 302 for removing heat 
from the diode laser arrays 3 via the heat sink 5 and 
electric cooler 301 is fixed to the electric cooler 301. 

Cooling water is circulated through the heat 
exchanger 302, whereby the heat exchanger 
exchanges heat with the diode laser arrays 3 via the 
heat sink 5. Since the electric cooler 301 is interposed 
between the heat exchanger 302 and heat sink 5, once 
the heat sink 5 is cooled using the electric cooler 301, 
the temperature of the diode laser arrays 3 can be 
adjusted quickly without any change in temperature of 
the cooling water to be circulated through the heat 
exchanger 302. 

The two diode laser arrays 3 are fixed to the heat 
sink 5 while oriented in the same direction. The cylindri- 
cal lens 34 is fixed to the faces of the light-emitting por- 
tions 4 of the diode laser arrays 3. Pumping light rays 
emanating from the light-emitting portions 4 are there- 
fore converged by the cylindrical lens 34. Moreover the 
electric cooler 301 is interposed between the heat sink 
5 and heat exchanger 302, the wavelength of pumping 
light rays emanating from the diode laser arrays 3 can 
be adjusted by adjusting the temperature of the heat 
sink 5 using the electric cooler 301 . The components of 
the heat sink 5, diode laser arrays 3, cylindrical lens 34, 
electric cooler 301, and heat exchanger 302 constitute 
one pumping module 90. 

Fig. 18 is an oblique view showing a state in which 
the pumping modules 90 each having the components 
shown in Fig. 17 are fixed to a support plate 303 
together with a solid-state laser rod 1 and flow tube 2. In 
this structure, one solid-state laser rod 1 is encircled by 



four pumping modules 90. Each pumping module 90 
has the end surface of the heat sink 5 thereof fixed to 
the support plate 303, and has thus one end thereof 
supported. The light-emitting portions of the diode laser 

5 arrays 3 fixed to the four pumping modules 90 are 
directed toward the axial core of the solid-state laser rod 
1. Pumping light rays emanating from the light-emitting 
portions 4 are each affected by the cylindrical lenses 34 
so that a point of condensing is located on the axial core 

w of the solid-state laser rod 1 . The solid-state laser rod 1 
is sheathed by the flow tube 2. A cooling medium flows 
through a space created between the solid-state laser 
"rod 1 and flow tube% wher^ 
1 is cooled. 

15 In a device for pumping the solid-state laser rod 1 
using pumping light and amplifying light passing 
through the solid-state laser rod 1, generally, when the 
distribution of heat dissipation levels on a section of the 
laser rod becomes inhomogeneous, a bifocal phenome- . 

20 non or a phenomenon that the focal length of the laser 
rod becomes different from local point to local point on a 
section of the laser rod takes place while the solid-state 
laser rod 1 is exerting a lens effect due to heat dissipa- 
tion. When the bifocal phenomenon takes place, it 

25 becomes impossible to sufficiently correct the lens 
effect of the solid-state laser rod 1 with the employment 
of an ordinary optical element such as a spherical mir- 
ror, convex lens, or concave lens. This poses a problem 
that the performance of amplification of high-quality 

30 laser beam deteriorates and stability is impaired. 

In the conventional diode laser pumped solid-state 
laser amplifier having the foregoing components and 
using a diode laser as a pumping source, unlike the one 
using an arc lamp as a pumping source, no special care 

35 has been taken of the homogeneity of the distribution of 
heat dissipation levels on a section of the laser rod. 

SUMMARY OF THE INVENTION 

40 The present invention attempts to solve the above 
problems. An object of the present invention is to pro- 
vide a diode laser pumped solid-state laser amplifier 
using a diode laser as an pumping source, capable of 
homogenizing the distribution of heat dissipation levels 

45 on a section of a solid-state laser rod, and not bringing 
about a bifocal phenomenon, and to provide a diode 
laser pumped solid-state laser using the ampfif ier. 

In order to achieve the above object, according to 
one aspect of the present invention, there is provided a 

so diode laser pumped solid-state laser amplifier which 
comprises a solid-state laser rod extending along the 
optical axis of a laser beam and including an active 
medium therein, and a plurality of pumping light sources 
having pumping light ray optical axes that run in a plane 

55 orthogonal to the axial of the solid-state laser rod and 
are separated by a predetermined distance from the 
axial of the solid-state laser rod. wherein when the opti- 
cal axes of the plurality of pumping light sources are 
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projected on a plane orthogonal to the axial of the solid- 
state laser rod 5 the optical axes of the plurality of pump- 
ing light sources are located at equiangular intervals 
with the axial of the solid-state laser rod as an axis of 
rotation on the plane. 5 

According to another aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state 
laser amplifier which has at least three pumping light 
sources are included. When pumping light rays emanat- 
ing from the pumping light sources are projected on a 10 
plane orthogonal to the axial core of the solid-state laser 
rod, the pumping light rays are irradiated to the solid- 
' sfeite taser rod-irvaf leiast thfSe directions on the plane. 

According to still another aspect of the present 
invention, there is provided a diode laser pumped solid- is 
state laser amplifier which has optical elements, inter- 
posed between the solid-state laser rod and the pump- 
ing light sources for positioning the pumping light ray 
optical axes with respect to the solid-state laser rod. 

According to a further aspect of the present inven- 20 
tion, there is provided a diode laser pumped solid-state 
laser amplifier, wherein the optical elements for posi- 
tioning the pumping light ray optical axes are optical 
waveguide plates. 

According to a still further aspect of the present 25 
invention, there is provided a diode laser pumped solid- 
state laser amplifier which has a reflector having open- 
ings for passing the pumping light rays and having a dif- 
fusive reflect surface which is provided so as to enclose 
the solid-state laser rod. 30 

According to another aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state 
laser amplifier which has optical waveguide plates pro- 
vided in the openings of the reflector as optical ele- 
ments for positioning the pumping light ray optical axes. 35 

According to still another aspect of the present 
invention, there is provided a diode laser pumped solid- 
state laser amplifier, wherein the reflector also serves 
as a means for fixing the pumping light sources. 

According to a further aspect of the present inven- 40 
tion, there is provided a diode laser pumped solid-state 
laser amplifier which has side plates for supporting both 
ends of the solid-state laser rod respectively, a plurality 
of pumping modules arranged along the solid-state 
laser rod, each pumping module being constituted with 45 
a flat substrate having a hole formed at the center 
thereof through which the solid-state laser rod passed 
and the pumping light sources fixed by means for fixing 
it to the substrate, and connecting and f ixing means for 
connecting a plurality of the pumping modules which is 
arranged along the solid-state laser rod each other and 
fixing the pumping modules to the side plates. 

According to a still further aspect of the present 
invention, there is provided a diode laser pumped solid- 
state laser amplifier, wherein the pumping modules are 
connected each other at a predetermined angle while 
successively shifting the angle about the solid-state 
laser rod as a center axis. 



According to another aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state 
iaser which comprises a solid-state laser rod extending 
along the optical axis of a laser beam and including an 
active medium therein, a plurality of pumping light 
sources having pumping light ray optical axes that pass 
through a plane orthogonal to the axial of the solid-state 
laser rod and are separated by a predetermined dis- 
tance from the axial of the solid-state laser rod, a partial 
reflection mirror set to one end of the solid-state laser 
rod, and a total reflection mirror set to the other end of 
the solid-state laser rod. wherein when the optical axes 
of the plurality of pii^jping Jightsources areprojecte^, : ^ 
a plane orthogonal to the axial of the solid-state laser 
rod, the optical axes of the plurality of pumping light 
sources are located at equiangular intervals with the 
axial of the solid-state laser rod as an axis of rotation on 
the plane. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a front view of a pumping module included 
in a diode laser pumped solid-state laser amplifier 
of the present invention ; 

Fig. 2 is a cross-sectional view of the diode laser 
pumped solid-state laser amplifier of the present 
invention; 

Fig. 3 is a graph showing the relationship between 
the intensity of laser beam and an amount of dissi- 
pated heat; 

Fig. 4 is a graph showing the distribution of beam 
intensities in the lowest-order transverse mode: 
Fig. 5 is a diagram showing calculated values indi- 
cating the distribution of pumped densities on a 
section of a solid-state laser rod; 
Fig. 6 is a diagram showing calculated values indi- 
cating the distribution of pumped densities on a 
section of the solid-state laser rod; 
Fig. 7 is a diagram showing calculated values indi- 
cating the distribution of pumped densities on a 
section of the solid-state laser rod; 
Fig. 8 is an explanatory graph showing a change in 
focal length in relation to positions in a radial direc- 
tion on a section of the solid-state laser rod; 
Fig. 9 is an explanatory graph showing a change in 
focal length in relation to positions in the radial 
direction on a section of the solid-state laser rod; 
Fig. 10 is an explanatory graph showing a change 
in focal length in relation to positions in a circumfer- 
ential direction on a section of the solid-state laser 
rod; 

Fig. 11 is an explanatory graph showing a change 
in focal length in relation to positions in a circumfer- 
ential direction on a section of the solid-state laser 
rod; 

Rg. 12 is a front view of a pumping module in 
another example of a diode laser pumped solid- 
state laser amplifier of the present invention; 
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Fig. 13 shows models of diode laser arrays of the 
first to third pumping modules indicating placement 
positions of the diode laser arrays; 
Fig. 14 is a front view of a pumping module in 
another example of a diode laser pumped solid- 
state laser amplifier of the present invention; 
Fig. 15 is a side view of a pumping module in 
another example of a diode laser pumped solid- 
state laser amplifier of the present invention; 
Fig. 16 is a cross-sectional view showing a diode 
laser pumped solid-state laser of the present inven- 
tion; ... , . - . 
'* 'fig. 17 shows the components of a pumping mod- 
ule employed in a conventional diode laser pumped 
solid-state laser amplifier; and 
Fig. 18 is an oblique view showing a state in which 
conventional pumping modules each having the 
components shown in Fig. 17 are fixed to a support 
plate together with a solid-state laser rod and flow 
tube. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

First Embodiment 

Fig. 1 is a front view of a pumping module in a diode 
laser pumped solid-state laser amplifier of the present 
invention. Fig. 2 is a cross-sectional view of the diode 
laser pumped solid-state laser amplifier of the present 
invention. In Fig. 1, a disk-like substrate 9 has a round 
flange formed along the circumference on the margin 
thereof so that the round flange juts out perpendicularly 
to a main surface of the substrate 9, and has a hole 
bored in the center thereof. On the main surface of the 
substrate 9, four fixing blocks 10 are arranged equidis- 
tantly at intervals of 90° with the center hole as a center. 
Four diode laser arrays 3a, 3b, 3c, and 3d serving as 
pumping sources that are a plurality of light-emitting 
devices arranged linearly are fixed to the fixing blocks 
1 0 via heat sinks 5. The fixing blocks 1 0 serve as means 
for fixing the diode laser arrays 3a, 3b, 3c, and 3d that 
are pumping sources. 

The substrate 9, and the fixing blocks 10, diode 
laser arrays 3a, 3b, 3c, and 3d, and heat sinks 5 fixed to 
the main surface of the substrate 9 constitute one 
pumping module 118. The round flange formed on the 
margin of the substrate 9 has counterbored joint 
through holes 18 and joint screw holes 19. The counter- 
bored joint through holes 18 and joint screw holes 19 
bored in the substrate 9 are arranged alternately at 
intervals of 60° on one circle concentric with the solid- 
state laser rod 1. A triangle defined by linking the cent- 
ers of the three counterbored joint through holes 18 
bored in the substrate 9, and a triangle defined by link- 
ing the centers of the three joint screw holes 19 are 
equilateral triangles each having three sides of the 
same length and are mutually congruent The diameter 



of a counterbore of each of the counterbored joint 
through holes 18 Is larger than the diameter of a bolt 
head of a hexagonal socket head bolt to be fitted into a 
joint screw hole. Moreover, the depth of the counterbore 

5 is larger than the height of the bolt head. 

A reflector 36 is placed on the substrate 9 so that it 
can enclose the solid-state laser rod 1 . The reflector 36 
has a reflection surface, which is a diffusive reflect sur- 
face and made of, for example, a ceramic, as an inner 

10 surface thereof opposed to the solid-state laser rod 1. 
An introduction port 38 through which pumping light 33 
is introduced to the inside of the reflector 36 is formed at 
four positions of the reflector 36. An optical waveguide 
plate 39 that is an optical element having an end surface 

15 thereof processed to prevent reflection of pumping light 
33 is placed in the introduction ports 38, thus facilitating 
introduction of pumping light 33 into the reflector 36. 

The diode laser arrays 3a, 3b, 3c, and 3d have opti- 
cal axes 401a, 401b, 401c, and 401d respectively, and 

20 emit pumping light 33 through light-emitting portions 4 
thereof along the optical axes. The optical axes 401a, 
401b, 401c, and 401 d run on the same plane orthogonal 
to the axial core 8 of the solid-state laser rod 1 and are 
separated by a given distance from the axial core 8 of 

25 the solid-state later rod 1 . Moreover, adjoining ones of 
the optical axes 401a, 401b, 401c, and 401d cross each 
other at right angles. A line parallel to the optical axes 
401a and 401c and passing through the center of the 
solid-state laser rod 1 shall be a center line 402a, and a 

30 line parallel to the optical axes 401b and 401d and 
passing through the center of the solid-state laser rod 1 
shall be a center line 402b. The optical axes 401a and 
401c are separated by a given distance in opposite 
directions from the center line 402a, and the optical 

35 axes 401b and 401d are separated by the given dis- 
tance in opposite directions from the center line 402b. In 
other words, the optical axes 401a, 401b, 401c, and 
401 d are deviated by the given distance from the lines 
passing through the axial core of the solid-state laser 

40 rod 1. The direction of deviation is comparable to the 
same direction of rotation with respect to the axial core 
8 of the solid-state laser rod 1 . That is to say, the optical 
axes are deviated in the counterclockwise direction in 
Fig. 1. 

45 Putting it another way, the diode laser arrays 3a, 3b, 
3c, and 3d that are pumping sources are arranged at 
equiangular intervals with respect to the axial core 8 of 
the solid-state laser rod 1 on the same plane orthogonal 
to the axial core 8 of the solid-state laser rod 1 . In other 

so words, the optical axes 401a, 401b, 401c. and 401d are 
arranged at equiangular intervals with the axial core 8 of 
the solid-state laser rod 1 as an axis of rotation on the 
same plane orthogonal to the axial core 8 of the solid- 
state laser rod 1. 

55 In Fig. 2, side plates 12 are rested on a lower plate 
14. The two side plates 12 have both ends of the solid- 
state laser rod 1 penetrated through holes bored in the 
main surfaces thereof, thus supporting the solid-state 
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laser rod 1, The solid-state laser rod 1 is sheathed with 
a flow tube 2. The flow tube 2 is cylindrical and sheath- 
ing the solid-state laser rod 1 entirely in the longitudinal 
direction. Both ends of the flow tube 2 are also sup- 
ported by the side plates 12. One of the side plates 12 5 
has an inflow port 51 through which a cooling medium, 
for example, pure water is supplied. The other side plate 
12 has an outflow port 52 through which the cooling 
medium is discharged. The cooling medium supplied 
through the inflow port 51 flows through a space defined w 
between the solid-state laser rod 1 and flow tube 2, thus 
cooling the solid-state laser rod 1 directly. The cooling 
;>me0ium passing through the^flow tube 2 \s discharged , 
through the outflow port 52. 

A plurality of pumping modules 118 have the solid- 15 
state laser rod 1 and flow tube 2 penetrated through the 
center holes of the substrates 9 thereof, and are layered 
in the same direction. The side plates 12 have counter- 
bored fixing through holes 20. The pumping modules 
118 and side plates 1 2 are joined and fixed by hexago- 20 
nal socket head bolts 21 that are joining/fixing means. 

For joining the pumping modules 1 18, as shown in 
Fig. 2, the counterbored joint through holes 18 of a 
pumping module 118 are aligned with the joint screw 
holes 1 9 of the leftmost pumping module 1 1 8. The hex- 25 
agonal socket head bolts 21 are then inserted from left 
to right. The counterbored joint through holes 18 and 
joint screw holes 19 which are bored on the margin of 
the substrate 1 9 are located in one circle concentric with 
the solid-state laser rod 1. The positional relationships 30 
between the solid-state laser rod 1 and the diode laser 
arrays 3a, 3b, 3c, and 3d that are pumping sources can 
therefore remain constant all the time. Moreover, the 
plurality of counterbored fixing through holes 20 having 
the same positional relationships as the counterbored 35 
joint through holes 18 and joint screw holes 19 which 
are bored on the margins of the substrates 9 are bored 
in the side plates 12. The leftmost and rightmost sub- 
strates 9 are brought into close contact with the side 
plates 12. The hexagonal socket head bolts 21 are 40 
inserted into the counterbored fixing through holes 20 
overlying the joint screw holes 19, whereby the sub- 
strates 9 and pumping modules 1 18 are joined. 

The pumping module 118 shown in Fig. 1 has the 
four diode laser arrays 3a, 3b, 3c, and 3d that are pump- as 
ing sources, irradiates pumping light 33 to the solid- 
state laser rod 1 in four directions, and thus pumps the 
solid-state laser rod 1. The optical axes 401a, 401b, 
401c, and 401d along which the pumping light rays 33 
emanating from the diode laser arrays 3a r 3b, 3c, and so 
3d propagate are deviated from the center lines passing 
through the center of the solid-state laser rod 1 . The dis- 
tribution of pumped densities on a section of the solid- 
state laser rod 1 can therefore be changed. When the 
magnitude of deviation is set to a given value, the distri- 55 
bution of heat dissipation levels on a section of the solid- 
state laser rod 1 can be homogenized. The underlying 
idea will be described below. 



In general, particles excited from a ground state to 
an exciied state due to absorption of pumping light 
return to the ground state through a plurality of transi- 
tions. In the plurality of transitions from the excited state 
to the ground state, a difference in energy between the 
states is converted into heat during relaxation caused 
by a nonradiative transition in which no light is emitted. 
This causes the solid-state laser rod 1 to dissipate heat. 
When the solid-state laser rod is cooled uniformly by 
cooling the whole surroundings thereof according to a 
prior art, if the distribution of heat dissipation levels on a 
section of the laser rod is homogeneous, the distribution 
io^^en^e^res on;, the section of. the tfaser. -rc>cMs : 
expressed like a paraboloid having a peak in the center. 
The refractive index of the solid-state laser rod 1 is 
nearly proportional to temperature. Therefore, if the dis- 
tribution of temperatures on a section of the laser rod is 
expressed as a paraboloid, the solid-state laser rod 1 
acts as an ideal lens. Consequently, the lens effect of 
the solid-state laser rod 1 can be corrected using a gen- 
eral optical element such as a spherical mirror, convex 
lens, or concave lens. Eventually, high-quaiity laser 
beam can be amplified stably and efficiently. 

However, once the distribution of heat dissipation 
levels on a section of the laser rod becomes inhomoge- 
neous, while the solid-state laser rod 1 is exerting the 
lens effect due to heat dissipation, a bifocal phenome- 
non in which the focal length of the solid-state laser rod 
becomes different from local point to local point on a 
section of the solid-state laser rod takes place. When 
the bifocal phenomenon takes place/the lens effect of 
the solid-state laser rod 1 cannot be corrected suffi- 
ciently by means of the general optical element such as 
a spherical mirror, convex lens, or concave lens. This 
leads to deteriorated performance of amplification of 
high-quality laser beam and impaired safety. 

For amplifying high-quality laser beam stably and 
highly efficiently, it is indispensable to attain homogene- 
ous distribution of heat dissipation levels on a section of 
the solid-state laser rod. However, in the past, emphasis 
has been put mainly on the homogeneity of distribution 
of pumped densities but no care has been taken of the 
homogeneity of distribution of heat dissipation levels. 
This is attributable to the fact that an arc lamp has been 
used as an pumping source. A process from an excited 
state to the ground state can be divided into a transi- 
tional process from the excited state to an upper state 
and a transitional process from the upper state to the 
ground state. A majority of particles excited and brought 
to the excited state shifts to the upper state through a 
nonradiative process alone. Once the energy level of an 
excited state, and the strength of excitation (number of 
particles to be excited and brought to the excited state 
per unit time and unit volume) are determined, an 
amount of heat generated during the transitional proc- 
ess from the excited state to the upper state can be held 
constant. On the other hand, there are a plurality of tran- 
sitional processes between the upper state and the 
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ground state. A radiative transition in which light is emit- 
ted due to spontaneous emission or stimulated emis- 
sion and then energy is radiated, and a nonradiative 
transition in which energy is radiated because of heat 
without light emission coexist in each process. The 
number of particles undergoing each process varies 
depending on the presence or absence of laser oscilla- 
tion or the intensity of laser beam passing through the 
solid-state laser rod. An amount of heat stemming from 
a nonradiative transition included in each process is dif- 
ferent from process to process. Even if the strength of 
excitation in the same excited state is the same, an 
• ^arttbunt of heat generated in the solid-state laser rod T 
during the process from the upper state to the ground 
state varies depending on the presence or absence of 
laser oscillation or the intensity of laser beam passing 
through the laser rod. For example, the ratio of particles 
undergoing the process that includes a nonradiative 
transition bringing about a large difference in energy 
increases, an amount of heat generated during the 
process from the upper state to the ground state 
increases. 

In a solid-state amplifier using an arc lamp as an 
pumping source, since the arc lamp permits a wide 
emission spectrum. Particles are therefore excited to be 
brought to a stationary state of much higher energy 
level than the upper state because of ultraviolet compo- 
nents whose frequencies fall within the emission spec- 
trum. For this reason, an amount of heat generated 
during the nonradiative transitional process from an 
excited state to the upper state occupies a majority part 
of heat dissipated from the solid-state laser rod. The 
presence or absence of laser oscillation during the tran- 
sitional process from the upper state to the ground state 
or a change in amount of dissipated heat dependent on 
the intensity of laser beam can therefore be ignored. In 
other words, when the arc (amp is used as an pumping 
source, an amount of heat dissipated from the solid- 
state laser rod is independent of the presence or 
absence of laser oscillation or the intensity of laser 
beam and is substantially determined with an excited 
state. Consequently, once the distribution of pumped 
densities is homogenized, the distribution of heat dissi- 
pation levels on a section of the solid-state laser rod can 
be regarded as homogeneous. 

It has long been thought that the discussion similar 
to the foregoing one, that is, the assumption that the dis- 
tribution of pumped densities and the distribution of heat 
dissipation levels agree with each other can be adapted 
to a diode laser pumped solid-state laser amplifier using 
a diode laser as a pumping source to be dealt with in the 
present invention. 

However, when a diode laser array is used as a 
pumping source, the emission spectrum becomes very 
narrow. When the energy of an excited state closest to 
the upper state is matched with an oscillating quantity 
provided by the diode laser array, it becomes possible to 
excite particles selectively to an excited state closest to 



the upper state. Compared with excitation using the arc 
lamp, an amount of heat generated during the process 
from the excited state to the upper state is markedly 
small. Consequently, a change in amount of dissipated 

5 heat which occurs during heat dissipation of the solid- 
state laser rod and depends on a state of laser oscilla- 
tion such as the presence or absence of laser oscillation 
or the intensity of laser beam cannot be ignored. 

Fig. 3 shows a change in amount of dissipated heat 

10 in relation to the intensities of laser beam passing 
through a solid-state laser medium pumped by a diode 
laser* wherein when the intensity of JaS^rt^m is QtJthe # . 
' amount of dissipated heat 1. As apparent f fbm tfie : ' 4 
graph, the amount of dissipated heat decreases by 20 

15 % or more with an increase in intensity of laser beam. 
This is because that the number of particles undergoing 
a process of stimulated emission causing laser oscilla- 
tion increases and the number of particles undergoing a 
transitional process causing a large amount of dissi- 

20 pated heat decreases. The change of 20 % or more in 
amount of dissipated heat is large enough to impair sta- 
bility during amplification. 

Amplification or generation of the laser beam in the 
lowest-order transverse mode which exhibits high per- 

25 formance of condensing and has a high application 
value will be described. Fig. 4 shows the distribution of 
intensities of a beam in the lowest-order transverse 
mode. The lowest-order transverse mode is generally 
described as the TEMOO mode, and expressed with an 

30 axially symmetric Gaussian distribution having a sole 
peak in the center. When a beam in the lowest-order 
transverse mode passes through the solid-state laser 
rod 1, the beam has high intensity in relation to the 
center of a section of the solid-state laser rod and has 

35 lower intensity in relation to the perimeter of the section 
of the solid-state laser rod. As shown in Fig. 3, an 
amount of dissipated heat in an area of the solid-state 
laser rod undergoing light of higher intensity is smaller. 
Assuming that excitation occurring in the solid-state 

40 laser rod is homogeneous, when the intensity of laser 
beam passing through the solid-state laser rod 1 is too 
feeble to cause remarkable stimulated emission, the 
distribution of heat dissipation levels on a section of the 
solid-state laser rod can be regarded as homogeneous. 

45 However, when laser beam is amplified in practice, 
since high-intensity laser beam passes through the 
solid-state laser rod, when a beam in the lowest-order 
transverse mode passes through a section of the solid- 
state laser rod, stimulated emission becomes outstand- 

50 ing in the center of a section of the solid-state laser rod 
in which the beam has high intensity. This causes the 
number of particles undergoing a transitional process 
causing laser oscillation to increase. A decrease in 
amount of dissipated heat gets therefore larger. As a 

55 result, the distribution of heat dissipation levels on the 
section of the solid-state laser rod is expressed as an 
inhomogeneous distribution showing a drop in amount 
of dissipated heat in the center thereof. When the lens 
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effect of the solid-state laser rod 1 is exerted due to heat 
dissipation, a bifocal phenomenon takes place. When a 
beam in the lowest-order transverse mode is generated 
and amplified, the distribution of pumped densities is 
expressed to have a rather high peak in relation to the 5 
center of a section of the solid-state laser rod. The dis- 
tribution of pumped densities should preferably be such 
that when the beam in the lowest-order transverse 
mode passes, the distribution of heat dissipation levels 
on the section of the solid-state laser rod becomes 10 
homogeneous. 

The distribution of pumped densities can be calcu- .. . 
' tated according to^a ray tricing technique qhihe basis*' 
of the magnitude of deviation of the optical axes 401a, 
401b, 401c, and 401d, the absorption coefficient relative 15 
to pumping light in the solid-state laser rod 1, and the 
structure of a pumping unit such as the shape of the 
reflector 36 and the state of the surface thereof. The 
number of particles undergoing each transitional proc- 
ess can be calculated by solving a rate equation 20 
descriptive of each stationary energy state of an active 
medium and a density of photons in laser beam. An 
amount of dissipated heat on a section of the solid-state 
laser rod can be obtained analytically The distribution of 
temperatures on the section of the solid-state later rod 25 
is calculated using the distribution of heat dissipation 
levels, and the distribution of refractive indices is calcu- 
lated using the distribution of temperatures. A focal 
length at a local point on the section of the solid-state 
laser rod can be calculated using a slope defined with 30 
the refractive indices. 

Figs. 5, 6, and 7 show distributions of pumped den- 
sities on a section of the solid-state laser rod in relation 
to magnitudes of deviation of the optical axes; 0 mm, 1 
mm, and 2 mm. With the increase in magnitude of devi- 35 
ation, the peak in the center of a distribution of pumped 
densities sinks. With the magnitude of deviation 2 mm, 
a nearly homogenous distribution of pumped densities 
is plotted. 

Fig. 8 shows a bifocal phenomenon deriving from 40 
the inhomogeneous distribution of heat dissipation lev- 
els, that is, a change in focal length from local point to 
local point as a function of a radius with the center axis 
of the rod set to 0 in relation to the magnitudes of devi- 
ation of 0 mm, 1 mm, and 2 mm on the assumption that 45 
laser beam passing through the solid-state laser rod 1 is 
feeble. When the bifocal phenomenon is not observed, 
the focal length remains constant irrespective of the 
radius. As an index indicating a difference in focal length 
from local point to local point on a section of the solid- so 
state laser rod, which derives from the inhomogeneity of 
distribution of heat dissipation levels on the section of 
the solid-state laser rod, that is, a degree of a bifocal 
phenomenon, a difference between a maximum value 
and minimum value of the focal length on the section of 55 
the solid-state laser rod shall be defined as a bifocal 
rate. On the assumption that the laser beam passing 
through the solid-state laser rod 1 is feeble, the bifocal 



rate assumes a minimum value in relation to the magni- 
tude of deviation of 2 mm associated with the most 
homogeneous distribution of pumped densities. 

Fig. 9 shows a bifocal phenomenon deriving from 
the inhomogeneous distribution of heat dissipation lev- 
els, that is, a change in focal length as a function of a 
radius in relation to magnitudes of deviation of 0 mm, 1 
mm, and 2 mm on the assumption that laser beam in the 
lowest-order transverse mode passes through the solid- 
state laser rod 1 with sufficient intensity without causing 
stimulated emission. Unlike the results shown in Fig. 8 
on the assumption that passing light is feeble, when the 
faagnituW 

cal rate is minimum. This means that when laser beam 
in the lowest-order transverse mode is amplified and 
generated, the magnitude of deviation should be set to 
1 mm in order to obtain the homogeneous distribution of 
heat dissipation levels. 

The description has proceeded on the assumption 
that laser beam in the lowest-order transverse mode 
passes through the solid-state laser rod 1. Even when 
laser beam in a higher-order mode passes, the magni- 
tude of deviation should be determined according to 
presumable operating conditions, such as, the structure 
of the pumping unit, the strength of excitation, the den- 
sity of molecules of an active medium, and the distribu- 
tion of intensities of laser beam passing through the 
solid-state laser rod 1 so that the bifocal rate observed 
on a section of the solid-state laser rod becomes mini- 
mum. 

In this embodiment shown in Figs. 1 and 2, the opti- 
cal axes 401a. 401b, 401c, and 401d along which 
pumping light rays emanating from the four diode laser 
arrays 3a, 3b, 3c, and 3d propagate run on the same 
plane orthogonal to the axial core 8 of the solid-state 
laser rod 1 , and are separated by a given distance from 
the axial core 8 of the solid-state laser rod 1 . Moreover, 
the adjoining ones of the optical axes are crossing each 
other at right angles. The magnitudes of deviation of the 
optical axes 401a, 401b, 401c, and 401 d are set to the 
aforesaid optimal value. A variation in distribution of 
heat dissipation levels occurring along the circumfer- 
ence of a section of the solid-state laser rod can there- 
fore be minimized. Moreover, occurrence of a bifocal 
phenomenon can be suppressed. Consequently, the 
lens effect of the solid-state laser rod 1 can be corrected 
effectively using a spherical mirror, convex lens, or con- 
cave lens. Thus, laser beam of high beam quality can be 
amplified and generated stably and efficiently. 

In the embodiment shown in Figs. 1 and 2, pumping 
light rays emanating from the diode laser arrays 3a, 3b, 
3c, and 3d propagate along the optical waveguide 
plates fixed to the introduction ports 38 of the reflector 
36, and fall on the reflector 36. The optical waveguide 
plates 39 are made of a material exhibiting a sufficiently 
higher refractive index than, for example, an adhesive to 
be brought into contact with an external member, such 
as, sapphire. A majority of pumping light incident on the 
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optica! waveguide plates 39 is reflected totally by the 
flanks of the optical waveguide plates 39, and intro- 
duced into the reflector 36 efficiently with a small loss. 
The positions of the optical axes along which pumping 
light rays propagate to be irradiated to the solid-state 
laser rod are defined by positions at which the optical 
waveguide plates 39 are placed. When the positions of 
the optical axes along which pumping light rays propa- 
gate are set to desired positions using optical elements, 
even if the diode laser arrays 3a, 3b, 3c, and 3d that are 
pumping sources are displaced from normal positions 
or angles at which they should be placed, since the 
' positibhs of the optical axes along which pumping light 
rays propagate remains constant, stable distribution of 
pumped densities can be attained on a section of the 
solid-state laser rod all the time. Consequently, efficient 
amplification and generation of laser beam of high 
beam quality can be maintained stably. Moreover, the 
precision in placing the diode lasers 3 that are pumping 
sources is relaxed, and assembling of pumping mod- 
ules is simplified. Furthermore, in this embodiment, the 
diode laser arrays 3a, 3b, 3c, and 3d and the reflector 
36 are fixed to the same substrate 9. The positions of 
the optical axes along which pumping light rays propa- 
gate can be kept constant all the time irrespective of the 
position or angle at which the pumping module 118 is 
placed. 

In this embodiment, the optical waveguide plates 39 
are used as optical elements for defining the optical 
axes along which pumping light rays propagate. The 
optical elements are not limited to the optical waveguide 
plates. Even when cylindrical lenses or optical fibers are 
used, the same advantage can be exerted. 

The end surfaces of the optical waveguide plates 
39 in this embodiment on which pumping light rays fall 
are rectangular. For example, when a diode linear laser 
array having a plurality of light-emitting portions of diode 
lasers set in array is used as a pumping source, pump- 
ing light can be efficiently coupled to an optical element 
readily. Since an optical element utilizing refraction, 
such as, a lens is not used, placement can be carried 
out without any concern about a focal length or a direc- 
tion of condensing. This leads to easy assembling and 
adjustment. 

In the structure like the one of this embodiment that 
the reflector 36 is placed to encircle the solid-state laser 
rod 1 and pumping light rays are introduced into the 
reflector 36 through the introduction ports 38 of the 
reflector 36, since the introduction ports 38 do not 
reflect pumping light, the introduction ports 38 look like 
invalid areas in terms of the original operation of the 
reflector 36. For efficient pumping, the ratio of the area 
occupied by the introduction ports 38 to the whole area 
of the reflector 36 must be reduced. By the way, the 
employment of larger introduction ports 38 makes it 
easy to efficiently introduce pumping light rays into the 
reflector 36. 

When the optical waveguide plates 39 are used to 



introduce pumping light rays into the reflector 36 as they 
are in this embodiment, the shape of the light-emitting 
portions can be readily matched with that of the end sur- 
faces of the optical waveguide plates 39 through which 

5 pumping light rays are introduced. Even when the 
waveguide plates 39 are made thinner, pumping light 
rays can be transmitted efficiently owing to the opera- 
tion of total reflection of the flanks of the optical 
waveguide plates 39. The introduction ports 38 of the 

10 reflector 36 through which pumping light rays are intro- 
duced can be made smaller while the efficiency in trans- 
mitting , pumping light rays remains high. Moreover, 
pumping can be carried out efficiently. . ^ 1 

This embodiment provides the structure for irradiat- 

15 ing pumping light in four directions with respect to the 
center axis of the solid-state laser rod 1. Even in the 
structure for irradiating pumping light in two directions 
with respect to the center axis of the solid-state laser 
rod 1 so that the light falls laterally on the solid-state 

20 laser rod 1, and thus pumping the solid-state laser, the 
optical axes along which, two pumping light rays propa- 
gate are set so that they are located at equiangular 
positions with respect to the center-axis direction of the 
solid-state laser rod 1, that is, at positions with 180° 

25 between them, separated by a given constant distance 
from a center line of the solid-state laser rod 1 , and devi- 
ated from the center line in the same direction with 
respect to the center axis of the solid-state laser rod 1. 
This results in the improved homogeneity of the distribu- 

30 tion of heat dissipation levels on a section of the solid- 
state laser rod. 

However, in the structure for bidirectional pumping, 
the optical axes along which pumping light rays propa- 
gate are mutually parallel. Deviation of the optical axes 

35 occurs only in one direction on a section of the solid- 
state laser rod. Since the direction in which the optical 
axes are deviated is one direction, it is hard to homoge- 
nize the two-dimensional distribution of heat dissipation 
levels on a whole section of the rod. As a result, the 

40 degree of the homogeneity in distribution of heat dissi- 
pation levels becomes different between a direction 
identical to the direction of deviation and perpendicular 
to the optical axes and a direction perpendicular to the 
direction of deviation and parallel to the optical axes. 

45 The directivity in distribution of heat dissipation levels on 
a section of the solid-state laser rod cannot therefore be 
eliminated effectively. 

Fig. 10 shows a change in focal length from local 
point to local point in the circumferential direction on the 

so margin of the solid-state laser rod occurring in a struc- 
ture for irradiating pumping light to the solid-state laser 
rod 1 in two directions that are equiangular with respect 
to the center-axis direction of the solid-state laser rod 1 , 
that is, in two directions having 1 80° between them, and 

55 the change in focal length occurring in a structure for 
irradiating pumping light to the solid-state laser rod 1 in 
three directions that are equiangular with respect to the 
center-axis direction of the solid-state laser rod 1, that 
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is, in three directions set at intervals of 1 20° . In either of 
the structures, the magnitude of deviation of ihe optical 
axes is optimized in order to minimize the bifocal rate 
observed on a section of the solid-state laser rod. When 
the number of directions in which pumping light is irradi- 5 
ated is increased from two to three, while the optical 
axes along which pumping light propagate are kept 
equiangular with respect to the center-axis direction of 
the solid-state laser rod 1 , the direction in which the dis- 
tribution of heat dissipation levels is corrected by adjust- w 
ing the deviation of the optical axes can be set to two or 
more directions that are not mutually parallel on a sec- 
tion of the solid-state laser rod. The two-dimensional \':£. f 
homogeneity in distribution of heat dissipation levels on 
a section of the solid-state laser rod can therefore be 15 
attained effectively. Eventually, the bifocal rate observed 
in the circumferential direction, that is, the directivity in 
distribution of heat dissipation levels can be reduced 
drastically. 

Fig. 1 1 shows a change in focal length from local 20 
point to local point in the circumferential direction on the 
margin of the solid-state laser rod occurring in a struc- 
ture including a reflector that has a mirror-finished sur- 
face inside and a reflector that has a diffusive reflect 
surface inside. In the structure, pumping light is irradi- 25 
ated to the solid-state laser rod 1 in three directions that 
are equiangular with respect to the center-axis direction 
of the solid-state laser rod 1, that is, in three directions 
set at intervals of 120 and the magnitude of deviation of 
the optical axes is optimized in order to minimize the 30 
bifocal rate observed on a section of the solid-state 
laser rod. As mentioned above, the reflector 36 encir- 
cling the solid-state laser rod 1 reflects pumping light, 
which has not fallen on the solid-state laser rod 1, or 
pumping light, which has fallen on the solid-state laser 35 
rod 1 once but has not been absorbed by the solid-state 
laser rod 1 and has been emitted outside the solid-state 
laser rod 1, from the inside thereof, and thus changes 
the direction of propagation of the pumping light so that 
the pumping light can fall on the solid-state laser rod 1 . 40 
Thus, the use efficiency of pumping light is improved. 

The direction of reflection of light from a mirror-fin- 
ished surface is determined uniquely by the direction of 
incidence of light, while the direction of reflection of light 
from a diffusive reflect surface is diversified with a 45 
spread determined with the state of the diffusive reflect 
surface. Using a reflector having the diffusive reflect 
surface, therefore, as shown in Fig. 1 1 , the bifocal rate 
observed in the circumferential direction on a section of 
the solid-state laser rod, that is, the directivity in distribu- so 
tion of heat dissipation levels can be reduced drastically. 

Furthermore, when the reflector 36 having the diffu- 
sive reflect surface also serves as a means for fixing 
pumping sources, the bifocal rate observed in the cir- 
cumferential direction on a section of the solid-state 55 
laser rod, that is, the directivity in distribution of heat dis- 
sipation levels can be improved greatly. Besides, the 
number of components of a pumping unit can be 



reduced, assembling of the components can be simpli- 
fied, and the cost of the pumping unit can be reduced. 

The pumping module 118 in this embodiment has 
the counterbored joint through holes 18 and joint screw 
holes 19 bored in the round flange on the margin of the 
substrate 9. A plurality of pumping modules 118 can be 
joined along the solid-state laser rod 1 and fixed firmly 
to normal placement positions highly accurately and 
readily. When the plurality of pumping modules 118 are 
joined along the solid-state laser rod 1 and put to use for 
the purpose of improving the performance of amplifica- 
tion, the distributions of pumped densities in the pump- 
ing" n^ftdiff fce^^ 

accurately. Thus, laser beam of high beam quality can 
be amplified stably and efficiently without any impair- 
ment of homogeneity in distribution of heat dissipation 
levels on a section of the solid-state laser rod. 

Second Embodiment 

Fig. 12 is a front view of a pumping module in 
another example of a diode laser pumped solid-state 
laser amplifier of the present invention. In a pumping 
module 1 1 9 of this embodiment, three sets of four joint 
through holes 1 1a, 1 1b, and 11c each having four joint 
through holes arranged at intervals of 90° are bored in a 
round flange on the margin of the substrate 9. The joint 
through holes belonging to the three sets of joint 
through holes 1 1a, 11b, and 1 1c are located concentri- 
cally. The joint through holes 11b are located counter- 
clockwise at an angle of 22.5° with respect to the joint 
through holes 11a. The joint through holes 11c are 
located counterclockwise at an angle of 22.5° with 
respect to the joint through holes 1 1b. The way of fixing 
the diode laser arrays 3a, 3b, 3c ? and 3d that are pump- 
ing sources to the substrate 9 is identical to that in the 
first embodiment. When the pumping modules 119 of 
this embodiment are actually installed in a diode laser 
pumped solid-state laser amplifier, the solid-state laser 
rod 1 and flow tube 2 penetrate through the centers of 
the pumping modules 119 in a direction perpendicular 
to Fig. 12. 

In the diode laser pumped solid-state laser amplifier 
having the above components, two pumping modules of 
the first pumping module 119 and second pumping 
module 119 are joined, the joint through holes 11a of 
the first pumping module 119 and the joint through 
holes 1 1b of the second pumping module 1 19 are used 
for joint. A direction in which the diode laser arrays 3 of 
the first pumping module 1 1 9 are placed and a direction 
in which the diode laser arrays 3 of the second pumping 
module 1 19 are placed are mismatched by 22.5° with 
the center axis of the solid-state laser rod 1 as a center. 

Fig. 13 shows models of the diode laser arrays 3a, 
3b, 3c, and 3d included in the first pumping module 119, 
the diode laser arrays 3a, 3b, 3c, and 3d included in the 
second pumping module 119, and the diode laser 
arrays 3a, 3b, 3c, and 3d included in the third pumping 
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module 119 in. a state in which the three pumping mod- In short, the optical axes are deviated counterclockwise 

ules 119 of the first pumping module 119, second in Fig. 14. 

pumping module 119, and third pumping module 119 Putting it another way, when pumping light rays are 
are joined. Fig. 13 thus shows the positions at which the projected on a plane orthogonal to the axial core 8 of 
diode laser arrays are placed. In this embodiment, the 5 the solid-state laser rod 1 , the diode laser arrays 3a, 3b, 
adjoining pumping modules 119 can be joined while an d 3c that are pumping sources are located oh the 
being shifted at equiangular intervals. The direction of p | ane at equiangular intervals with respect to the axial 
irradiation of pumping light emanating from each pump- core 8 of the solid-state laser rod 1 . That is to say, when 
ing module can therefore be shifted at equiangular inter- pumping light rays are projected on a plane orthogonal 
vals. The number of directions of irradiation of pumping 10 to the axial core 8 of the solid-state laser rod 1 , the opti- 
light to the solid-state laser rod 1 can be increased. The cai axes 401a, 401b, and 401c are located on the plane 
homogeneity in distribution of heat dissipation levels a t equiangular intervals with the axial core 8 of the solid- 
Can 'be further improved. Moreover, the bifocal -rate - v "date fcsferr& fas 'an axis of rotation:'- 
observed in the circumferential direction on a section of Even in this embodiment, reflectors 36a, 36b, and 
the solid-state laser rod can be reduced more reliably. 15 3 6c each having a diffusive reflect surface inside are 
Eventually, laser beam of high beam quality can be employed: The reflectors 36a, 36b, and 36c have intro- 
amplif ied stably and efficiently. duction ports 38a> 38b m6 38c through which pumping 
In this embodiment, the joint through holes 11a, light 33 is introduced into inside. Moreover, optical 
1 1b, and 1 1c are bored at intervals of 22.5° on the mar- waveguide plates 39a, 39b, and 39c are placed in the 
gin of the substrate 9. The angular interval between the 20 introduction ports 38a, 38b, and 38c. Pumping light rays 
joint through holes and the number of joint through emanating from the diode laser arrays 3a ; 3b ; and 3c 
holes are not limited to the ones in the embodiment, but propagate in the optical waveguide plates 39a, 39b, and 
may be set to any values as long as the distribution of 39c respectively and then fall on the reflectors 36a, 36b, 
pumped densities can be optimized according to the and 36c respectively. 

number of joined pumping modules and the layout of 25 In the diode laser pumped solid-state laser amplifier 

diode laser arrays to be locked in each pumping mod- of this embodiment, one diode laser array is included in 

ule. one pumping module. Pumping light is irradiated to the 

solid-state laser rod 1 in one lateral direction. The distri- 

Third Embodiment bution of pumped densities on a section of the solid- 

30 state laser rod formed by a sole pumping module is 

Fig. 14 is a front view of a pumping module in asymmetric. However, a change in wave front occurring 

another example of a diode laser pumped solid-state when a laser beam passes through the solid-state laser 

laser amplifier of the present invention. Fig. 15 is a side rod 1 is proportional to an integral of a refractive index 

view thereof. In this embodiment, three pumping mod- on a section of the solid-state laser rod observed in the 

ules 120a, 120b, and 120c having diode laser arrays 3a, 35 center-axis direction of the solid-state laser rod. When 

3b, and 3c respectively as a pumping source are lay- the distributions of pumped densities formed by the 

ered along the solid-state laser rod 1 while being shifted three pumping modules are superposed in the axial 

at equiangular intervals. The diode laser arrays 3a, 3b, direction, if the resultant distribution is symmetric, the 

and 3c emit pumping fight along optical axes 401a, change in wave front caused by the solid-state laser rod 

401 b, and 401 c respectively. ao becomes symmetric. 

The optical axes 401a, 401b, and 401c run on dif- In this embodiment, as mentioned above, when 
ferent planes orthogonal to the axial core 8 of the solid- pumping light rays are projected on a plane orthogonal 
state laser rod 1 , and are separated by a given distance to the axial core of the solid-state laser rod, the optical 
from the axial core 8 of the solid-state laser rod 1 on the axes along which the pumping light rays emanating 
respective planes. When pumping light rays are pro- 45 from the three diode lasers propagate are located at 
jected on a plane orthogonal to the axial core 8 of the equiangular intervals with respect to the axial core of 
solid-state laser rod 1, adjoining ones of the optical axes the solid-state laser rod. The symmetry of a result of 
have 120° between them. On the plane to which the superposition of the distributions of pumped densities 
pumping light rays are projected, a line parallel to the on a section of the solid-state laser rod formed by the 
optical axis 401a and passing through the center of the so three pumping modules can be improved greatly. Con- 
solid-state laser rod 1 shall be a center line 402a, a line sequently, the bifocal rate observed in the circumferen- 
parallel to the optical axis 401b and passing through the tial direction on a section of the solid-state laser rod, 
center of the solid-state laser rod 1 shall be a center line that is, the directivity in distribution of heat dissipation 
402b, and a line parallel to the optical axis 401c and levels can be reduced. 

passing through the center of the solid-state laser rod 1 55 In the aforesaid first and second embodiments, 

shall be a center line 402c. The optical axes 401 a, 401 b, pumping light is irradiated to the solid-state laser rod in 

and 401c are deviated from the center lines 402a, 402b, four or three directions with respect to the optical axis of 

and 402c respectively in the same direction of rotation. the solid-state laser rod. The number of directions of 



19 



EP0 867 988 A2 



20 



irradiation of pumping light is not limited to four and 
three. If the number of directions of irradiation 
increases, the bifocal rate observed in the circumferen- 
tial direction on a section of the solid-state laser rod, 
that is, the directivity in distribution of heat dissipation 
levels can be reduced drastically. Moreover, when the 
magnitude of deviation of the optical axes is optimized 
according to the number of directions of irradiation, the 
bifocal rate observed on a section of the solid-state 
laser rod can be reduced more effectively. Eventually, 
the efficiency and stability in amplifying laser beam can 
be improved greatly. . 

Fourth Embodiment 

Fig. 16 shows a cross section of a diode laser 
pumped solid-state laser of the present invention. In the 
aforesaid first and second embodiments, the structure 
of a diode laser pumped solid-state laser amplifier has 
been described. In this embodiment, the diode laser 
pumped solid-state iaser using the diode laser pumped 
solid-state laser amplifier will be described. 

A diode laser pumped solid-state laser 200 includ- 
ing pumping modules 118 each having the same com- 
ponents as the one in the first embodiment has a partial 
reflection mirror 40 and total reflection mirror 41 rested 
on the lower plate 14 so that the partial reflection and 
total reflection mirrors are located back and forth rela- 
tive to the solid-state laser rod 1 . Light stemming from 
spontaneous emission in the pumped solid-state laser 
rod 1 is reciprocated within an optical resonator and 
thus amplified, whereby a coherent laser beam 42 is 
produced. This structure is therefore used as a diode 
laser pumped solid-state laser. The partial reflection 
mirror 40 and total reflection mirror 41 constitute the 
optical resonator. 

In this embodiment, either of the structures of the 
first and second embodiments can be employed in the 
diode laser pumped solid-state laser 200. 

In any of the aforesaid embodiments, in a sole 
pumping module, pumping light emanating from a diode 
laser array is irradiated to a solid-state laser rod in four 
or three directions perpendicular to the optical axis of 
the solid-state laser rod. The number of diode laser 
arrays serving as pumping sources and the number of 
directions of irradiation of pumping light are not limited 
to those described in the embodiments. Any structure 
will do as long as pumping light can be irradiated later- 
ally to the solid-state laser rod. 

In any of the aforesaid embodiments, a diode laser 
array having a plurality of light-emitting devices 
arranged linearly is used as a pumping source. Need- 
less to say, even when a diode laser having a sole light- 
emitting device is used, the same advantages can be 
exerted. 

In this embodiment, a diode laser pumped solid- 
state laser produces a laser beam using a stable optical 
resonator constructed by placing a partial reflection mir- 



ror and total reflection mirror back and forth relative to 
the solid-state laser rod 1. The optica! resonator is not 
limited to this type. Alternatively, for example, an unsta- 
ble optical resonator for producing a laser beam due to 
s diffraction of light may be constructed by placing total 
reflection mirrors back and forth relative to the solid- 
state laser rod 1 . 

According to one aspect of the present invention, 
there is provided a diode laser pumped solid-state laser 

10 amplifier which comprises a solid-state laser rod 
.extending along the optical axis of a laser beam and 
including an active medium therein, and a plurality of 
-puifiping light sources having pumping* fight- ray optical ~1 
axes that run in a plane orthogonal to the axial of the 

is solid-state laser rod and are separated by a predeter- 
mined distance from the axial of the solid-state laser 
rod. wherein when the optical axes of the plurality of 
pumping light sources are projected on a plane orthog- 
onal to the axial of the solid-state laser rod, the optical 

20 axes of the plurality of pumping light sources are 
located at equiangular intervals with the axial of the 
solid-state laser rod as an axis of rotation on the plane. 
Consequently, a variation in distribution of heat dissipa- 
tion levels in the circumferential direction on a section of 

25 the solid-state laser rod can be minimized, and a bifocal 
phenomenon will not take place. Eventually, the lens 
effect of the solid-state laser rod due to heat dissipation 
can be corrected effectively using a spherical mirror, 
convex lens, or concave lens. Laser beam of high beam 

30 quality can be amplified and generated stably and effi- 
ciently. 

According to another aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state 
laser amplifier which has at least three pumping light 

35 sources are included. When pumping light rays emanat- 
ing from the pumping light sources are projected on a 
plane orthogonal to the axial core of the solid-state laser 
rod, the pumping light rays are irradiated to the solid- 
state laser rod in at least three directions on the plane. 

40 Since the direction in which the distribution of heat dis- 
sipation levels is corrected by adjusting the deviation of 
the optical axes can be set to two or more directions that 
are not mutually parallel on a section of the solid-state 
laser rod the distribution of heat dissipation levels on a 

45 section of the solid-state laser rod can be homogenized 
effectively. Consequently, the bifocal rate observed in 
the circumferential direction, that is, the directivity in dis- 
tribution of heat dissipation levels can be reduced dras- 
tically. 

so According to still another aspect of the present 
invention, there is provided a diode laser pumped solid- 
state laser amplifier which has optical elements, inter- 
posed between the solid-state laser rod and the pump- 
ing fight sources for positioning the pumping light ray 

55 optical axes with respect to the solid-state laser rod. 
Since the positions of the optical axes along which the 
pumping light rays propagate remain constant stable 
distribution of pumped densities can be attained on a 
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section of the solid-state laser rod. Efficient amplifica- 
tion and generation of laser beam of high beam quality 
can be maintained stably. 

According to a further aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state s 
laser amplifier, wherein the optical elements for posi- 
tioning the pumping light ray optical axes are optical 
waveguide plates. The pumping light rays can be trans- 
mitted efficiently while being totally reflected by the opti- 
cal waveguide plates. Moreover, since a focal length or 10 
the direction of condensing need not be taken into 
account for arrangement, assembling and adjustment 
cdn be achieved readily. : ' : " r : " 

According to a still further aspect of the present 
invention, there is provided a diode laser pumped solid- 15 
state laser amplifier which has a reflector having open- 
ings for passing the pumping tight rays and having a dif- 
fusive reflect surface which is provided so as to enclose 
the solid-state laser rod. The direction of reflection of 
light from the diffusive reflect surface is diversified with 20 
a spread determined by the state of the diffusive reflect 
surface. The directivity in distribution of heat dissipation 
levels in the circumferential direction on a section of the 
solid-state laser rod can therefore be eliminated, and 
occurrence of a bifocal phenomenon can be reduced 25 
drastically. 

According to another aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state 
laser amplifier which has optical waveguide plates pro- 
vided in the openings of the reflector as optical ele- 30 
ments for positioning the pumping light ray optical axes. 
While the efficiency in transmitting the pumping light 
rays to the reflector is retained high, introduction ports 
of the reflector through which the pumping light rays are 
introduced can be made smaller. This results in efficient 35 
pumping. 

According to still another aspect of the present 
invention, there is provided a diode laser pumped solid- 
state laser amplifier, wherein the reflector also serves 
as a means for fixing the pumping light sources. Conse- 40 
quently, the number of components can be reduced, 
assembling can be simplified, and cost can be reduced. 

According to a further aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state 
laser amplifier which has side plates for supporting both 45 
ends of the solid-state laser rod respectively, a plurality 
of pumping modules arranged along the solid-state 
laser rod, each pumping module being constituted with 
a flat substrate having a hole formed at the center 
thereof through which the solid-state laser rod passed so 
and the pumping light sources fixed by means for fixing 
it to the substrate, and connecting and fixing means for 
connecting a plurality of the pumping modules which is 
arranged along the solid-state laser rod each other and 
fixing the pumping modules to the side plates. The plu- ss 
rality of pumping modules can be joined and fixed to 
normal placement positions at placement angles highly 
accurately, simply, and firmly. The positional relationship 



among the plurality of pumping sources can remain 
constant. The performance of amplification can there- 
fore be improved readily. Moreover, even when a distur- 
bance such as mechanical vibrations occurs, since 
displacement of the pumping modules from the normal 
placement positions and placement angles and a break 
in positional relationship among the plurality of pumping 
sources can be suppressed, stable performance of 
amplification and stable laser output can be attained. 

According to a still further aspect of the present 
invention, there is provided a diode laser pumped solid- 
state laser amplifier, wherein the pumping modules are 
connected each other at a predetermined angle while 
successively shifting the angle about the solid-state 
laser rod as a center axis. The number of directions of 
irradiation of pumping light to the solid-state laser rod 
can be increased, and a variation in distribution of heat 
dissipation levels occurring in the circumferential direc- 
tion on a section of the solid-state laser rod can be 
reduced further. The bifocal rate observed in the circum- 
ferential direction on a section of the solid-state laser 
rod can be reduced reliably, and laser beam of high 
beam quality can be amplified stably and efficiently. 

According to another aspect of the present inven- 
tion, there is provided a diode laser pumped solid-state 
laser which comprises a solid-state laser rod extending 
along the optical axis of a laser beam and including an 
active medium therein, a plurality of pumping light 
sources having pumping light ray optical axes that pass 
through a plane orthogonal to the axial of the solid-state 
laser rod and are separated by a predetermined dis- 
tance from the axial of the solid-state laser rod, a partial 
reflection mirror set to one end of the solid-state laser 
rod, and a total reflection mirror set to the other end of 
the solid-state laser rod. wherein when the optical axes 
of the plurality of pumping light sources are projected on 
a plane orthogonal to the axial of the solid-state laser 
rod, the optical axes of the plurality of pumping light 
sources are located at equiangular intervals with the 
axial of the solid-state laser rod as an axis of rotation on 
the plane. Thus, a high-efficiency and high-quality laser 
beam can be generated stably. 

Claims 

1 . A solid-state laser amplifier, comprising: 

a solid-state laser rod (1) extending along the 
optical axis of the laser beam and including an 
active medium therein; and 

a plurality of pumping light sources (3a - 3d) 
having pumping light optical axes (401 a • 401d) 
lying in a plane orthogonal to the laser rod axis 
(8) the optical axes (401a - 40 1d) deviating 
from passing through the laser rod axis (8) by a 
predetermined separation distance, 
wherein when said optical axes of said plurality 
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of pumping light sources (3a • 3d) are projected 
on a plane orthogonal to the laser rod axis (8), 
said optical axes (401a - 401d) are located at 
equiangular intervals about an axis of rotation 
on the plane defined by the laser rod axis (8). 5 

2. A solid-state laser amplifier according to Claim 1 , 
wherein a least three pumping light sources (3a - 
3d) are provided, wherein pumping light emanating 
from said pumping light sources is projected to the 10 
axial core of said solid-state laser rod (1) the pump- 
ing light irradiating the solid-state laser rod (1) from 

at least three direction^: * : " 

3. A solid-state laser amplifier according to Claim 1 or 75 
2, further comprising optical elements (39) inter- 
posed between said solid-state laser rod (1) and 
said pumping light sources (3a - 3d) for positioning 
said pumping light optical axes with respect to said 
solid-state laser rod ( 1 ) . 20 



arranged along said solid-state laser rod (1) to 
each other and fixing said pumping modules 
( 11 8) to said side plates (12). 

9. A solid-state laser amplifier according to Claim 8, 
wherein said pumping modules (118) are con- 
nected to each other at predetermined angles, 
while successively shifting the angle about said 
solid-state laser rod (1) as the centre axis (8). 

10. A diode laser pumped solid-state laser, comprising 
a solid-state laser rod (1) extending, along the opti- 

•■ cal axis of the laser beam; th§faS6r amplifier of any • 
one of the Claims 1 to 9, a partial reflection mirror 
(40) set to one end of said solid-state laser rod (1) 
and a total reflection mirror (41) set to the other end 
of said solid-state laser rod (1). 



4. A solid-state laser amplifier according to Claim 3, 
wherein said optical elements for positioning said 
pumping light optical axes (401a - 401d) are optical 
waveguide plates (39). 25 

5. A solid-state laser amplifier according to any one of 
the Claims 1 to 4, further comprising a reflector (36) 
having openings (38) for passing said pumping light 
and having a diffusive reflect surface which is pro- 30 
vided so as to enclose said solid-state laser rod (1). 



6. A solid-state laser amplifier according to Claim 5 f 
further comprising optical waveguide plates (39) 
provided in said openings (38) of said reflector (36) 35 
as optical elements for positioning said pumping 
light optical axes (401a -401d). 

7. A solid-state laser amplifier according to Claim 5, 
wherein said reflector (36) also serves as a means 40 
for fixing said pumping light sources (3a - 3d). 

8. A solid-state laser amplifier according to any one of 
the Claims 1 to 7, further comprising side plates 
(12) for supporting both ends of said solid-state 45 
laser rod (1) respectively; 



a plurality of pumping modules (118) arranged 
along said solid-state laser rod (1) each pump- 
ing module (1 18) being constituted with a flat so 
substrate (9) having a hole formed at the centre 
thereof through which said solid-state laser rod 
(1) is passed, said pumping light sources (3a - 
3d) secured to said substrate by fixing means 
(10), 55 



connecting and fixing means for connecting 
said plurality of pumping modules (118) 
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